Background: The aim was to evaluate the regenerative effect of epineural injection
| INTRODUC TI ON
The outcome of peripheral nerve crush injury is often unsatisfying despite the intrinsic capability of peripheral nerve regeneration and a considerable progress in medical science over the past decades (Wood, Kemp, Weber, Borschel, & Gordon, 2011) . The intrinsic regenerative process is with a maximum regrowth rate of 1 mm per day very slow, complicated with further problems as hyper-or hypoinnervations and also microsurgical interventions are rarely beneficial as the nerve-continuity is preserved in crush injuries (Sta, Cappaert, Ramekers, Baas, & Wadman, 2014; Sunderland, 1947; Wood et al., 2011) . Driven by the enormous clinical need of therapeutic alternatives, peripheral nerve regeneration has become an important research field of tissue engineering (Engels et al., 2013; Kappos et al., 2015; Tremp et al., 2015) .
The interest in cell transplantation in the field of neurodegeneration and neuroregeneration increased tremendously in the last years. Mesenchymal stem cells (MSCs) are said to have a positive influence on peripheral nerve regeneration by several mechanisms, namely by trophic factor secretion, immune modulation, synthesis of extracellular matrix molecule, and stabilization of the microenvironment (Engels et al., 2013) .
Among the various options of cell therapy, adipose-derived stem cells (ASCs) distinguish positively by a great availability (Engels et al., 2013) , high proliferation rates, the possibility of minimally invasive withdrawal and the characteristic multipotency (Papalia et al., 2013; Taha & Hedayati, 2010; Zuk et al., 2001 Zuk et al., , 2002 .
Both degeneration and regeneration are studied on the basis of different morphological, behavioral, and electrophysiological techniques (Mazzer, Barbieri, Mazzer, & Fazan, 2008; Schiaveto de Souza, da Silva, & Del Bel, 2004 ). An improved behavioral outcome remains one of the most important evidence of functionality of axon regeneration after any therapy strategy and can be evaluated by walking track analysis (Chen et al., 2014; ).
The aim of this study was to evaluate the regenerative effect of an epineural injection of rat ASCs (rASCs) in three different settings of acute and chronic compression after 2 and 4 weeks in a rat sciatic nerve model.
| MATERIAL S AND ME THODS

| Rat ASC cultures and PKH26 labeling
Rat ASCs from the inguinal region were harvested following a wellestablished protocol from our group (Kingham et al., 2007) . For long-term in vivo cell tracking, the cell membranes of rASCs were labeled by PKH26 red fluorescent cell linker (Sigma Aldrich, PKH26GL) according to the manufacturers' recommendations. The labeled cells were afterward injected in one animal per group for each time point. Placed in prone position, the left hindquarter was shaved and disinfected using Betadine ® , and the skin was incised parallel to the femur, and the sciatic nerve was approached as previously described Tremp et al., 2015) . Then, the nerve was squeezed for one minute by using two different types of clamps (in order to squeeze the nerve over a distance of 1 mm (group 1), respectively 10 mm (group 2), just distally to the place where the small muscle branch sets aside from the sciatic nerve (about 1 cm distally to the spine). The squeezed area was subsequently marked at the proximal end with a single epineural suture (9/0 Nylon, Ethicon). In the chronic compression group (group 3), the equivalent segment (1 mm) of the nerve was clipped constantly by a nonabsorbable, polymeric clip (Weck ® Hem-o-lok ® Auto Endo5 ® ).
| Animals and surgical procedures
Depending on the group, either 5 × 10 6 rASCs in 25 μl or the same volume of CM (control) was injected with a 30G needle in the epineurium exactly there where the squeezing took place.
Afterward, the cavity was rinsed using sterile NaCl 0.9% and then the muscles were readapted without using any sutures because they only have been divided and not cut. The skin was closed with absorbable single stitches (4/0 Vicryl, Ethicon). The closed wound was disinfected with Betadine ® to prevent any bacterial contamination. To avoid skin irritations, the sutures were removed after 10 days.
| Behavioral analysis
In order to assess the recovery of motor function, a walking track analysis was performed using the CatWalk XT (Noldus Information Technology, the Netherlands). In every animal, three repeated measurements were carried out under constant conditions to record the TA B L E 1 Trauma and treatment groups steadiness of gait. The measurements took place preoperatively as control as well as postoperatively after 1, 2, and 4 weeks as previously described . A sciatic functional index (SFI) of 0 is normal. A SFI of -100 indicates total impairment, such as would result from a complete transection of the sciatic nerve (Cheng et al., 1997; Kanaya, Firrell, Tsai, & Breidenbach, 1992) .
| MRT scanning
The clinical 3T MRI scanner has been shown useful to monitor the efficacy of cellular therapy over time . MRI of the rats was performed immediately postmortem on a 3T MRI scanner (Magnetom Prisma, Siemens Healthcare
GmbH, Erlangen/Germany) using a 16-channel phased-array wrist coil. PMDTI was performed with diffusion-weighted spin 
| Muscle atrophy
After euthanasia, the left (experimental) and right (control) gastrocnemius muscles were excised and weighted with an analytical balance (Mettler-Toledo, Switzerland). For each rat, a gastrocnemius muscle weight ratio (MWR) was calculated based on the wet muscle weight according to the following formula:
| Morphometric analyses
For morphometric analyses, the sciatic nerves were harvested two and 4 weeks after the surgery from all groups. The proximal and the distal portion of the nerves were prepared for 1.5 μm semithin cross sections. Therefore, the nerve tissue was fixated in 2.5% glutaraldehyde for 2 hr followed by PBS overnight. After postfixation in 1% osmium tetroxide (OsO4) for 2 hr and following dehydration through a graded series of ethanol, the tissue was embedded in epoxy resin (Durcupan   ®   ) . Afterward, 1.5 μm semithin sections were cut with glass knives (Ultramicrotome "Ultracut E", Reichert-Jung) and finally stained with 1% paraphenylenediamine.
The cross sections were analyzed under a light microscope (Olympus BX43, Japan), using a 10x and 40x magnification objective. With the help of ImageJ 1.48f nerve fibers of each sample were screened within representative fields for following parameters:
Average axonal diameter (AD), fiber diameter (FD), and myelin thickness (MT). According to Yu et al (Yu, Liu, Ma, & Xiang, 2014; Yu et al., 2011) , the myelination was estimated by the G-ratio (=axon diameter/fiber diameter). Finally, the fiber density per mm 2 could be calculated.
The middle portion of the nerves including the squeezed area were fixated overnight in 4% paraformaldehyde, dehydrated, and further processed for paraffin-embedding. From these samples, 3 μm thin longitudinal sections were cut and stained with hematoxylin and eosin (HE) as well as with holmes-luxol (HL) following the house-interne staining protocols. Images were also acquired under the light microscope.
All the morphometric analyses were carried out by an observer blinded to the experimental groups and localizations (proximal, distal). Blinding was achieved by numbering the nerve samples.
Decoding took place after analyses were completed. 
| Statistical analysis
| RE SULTS
| Morphometric evaluation
After 4 weeks, we successfully confirmed cell viability where PKH26-labeled rASCs were arranged in densely arranged clusters as previously reported (Figure 1a ) . The G-Ratio analyses showed after 2 weeks a higher ratio in group 1 (median 0 
| Behavioral analysis
The SFI is decreased in all groups after the trauma was applied (clear Multivariable regression analysis shows that there is no evidence for a treatment effect of ASCs in the data. However, the type of the trauma has an effect on the recovery and thus on the SFI and this effect changes over time. The rats with an acute long trauma are doing better than those with an acute short trauma at one and especially at 2 weeks after trauma (estimated effect on SFI 7.43, 95%-CI −0.41-15.26, p = 0.06 and 14.26, 95%-CI 6.43-22.1, p < 0.001, respectively).
There is no evidence that these two groups differ after 4 weeks, when the recovery is very advanced and almost all rats are back to normal or very close to an SFI of zero. Four weeks after trauma the SFI in group 3 is statistically significantly lower from the one in group 1 (estimated effect on SFI −42.02, 95%-CI −52.76 to −31.29, p < 0.001). F I G U R E 2 The G-Ratio (ratio of the inner axonal diameter to the total outer diameter) of the traumatized nerve fiber 4 weeks after trauma. The closure the value is to one, the thinner the myelin of the traumatized nerve is, the closer it goes to zero, the thicker is the myelin. A healthy nerve has a G-Ratio of between 0.5 and 0.7 (gray rectangle in the plot). Boxes represent first and third quartiles with the median central. The whiskers represent 5th and 95th percentiles, and the observed data are represented by the white dots
| MRI evaluation and muscle atrophy
We were able to identify the crushed nerve with the clip on MRI and surrounding edema around the nerve. In group 1 & 2, less edema was 
| D ISCUSS I ON
In this study, we showed that the type of nerve compression has an effect on the recovery. Not surprisingly, the animals with a chronic trauma had the worst outcome compared to the rats with an acute short or long trauma, both functionally and by morphology/ F I G U R E 3 Boxplot of the sciatic functional index (SFI) over time stratified by treatment and trauma. Four weeks after trauma, the SFI in group 3 is significantly lower from the one in group 1 Crush injuries can cause many different degrees of neural damage that can represent any of the class of the schemes described by Seddon or Sunderland (Sunderland, 1951) . Crush injuries usually occur from an acute traumatic compression of the nerve from a blunt object that does not result in a complete transection of the nerve (Menorca, Fussell, & Elfar, 2013) . In the recovery period, the axonal outgrowth becomes remyelinated by the resident Schwann cells (SCs). However, the myelination is usually much thinner than normal, with accordingly predictable electrical consequences (Kang, Zamorano, & Gupta, 2011) .
The idea of using ASCs is the lack of supportive SCs or their inability to maintain a regenerative phenotype after peripheral nerve injuries (PNI) (Bhangra, Busuttil, Phillips, & Rahim, 2016) . It has been suggested that nervous system tissue engineering technology can build Schwann cell scaffolds to overcome this and enhance the regenerative capacity of neurons following injury (Bhangra et al., 2016 ).
We recently successfully transplanted and compared human and autologous stem cells for peripheral nerve regeneration in a rat sciatic nerve injury model. Moreover, we were able to implement the clinical 3T MRI scanner to monitor the efficacy of cellular therapy over time . In particular, differentiated
ASCs could be a clinically translatable route toward new methods to enhance peripheral nerve repair . Thus, we selected epineural rASC injection with the idea to boost peripheral nerve regeneration as it has be shown that ASCs enhance peripheral nerve regeneration in 86% of the experiments (Walocko, Khouri, Urbanchek, Levi, & Cederna, 2016) . However, it has been suggested that it is possible for peripheral nerve fibers to spontaneously regenerate when continuity of the nerve is maintained during injury (Walocko et al., 2016) , such as in our current study.
Alternative strategies and methods can be applied to enhance peripheral nerve regeneration using ASCs, for example, hydrogels as scaffolds and delivery systems, or intravenously, spreading through- SCs (Sowa et al., 2016) .
In a recent study by Kilic et al. (2013) , crush injury was performed, and inguinal adipose tissue with its vascular pedicle was mobilized and wrapped around the nerve lesion. In this study, maximum isometric tetanic force recovery was significantly greater in the autogenous fat graft group compared with the control (untreated nerve crush). Interestingly, while myelin thickness, total axon count, and nerve fiber density were significantly increased compared to the control group, no changes were noted in muscle mass. Thus, the effectiveness of whole avascular autogenous fat grafts on peripheral nerve regeneration needs to be studied in more detail (Kilic et al., 2013) . In line with our results, we found no significant effect of ASCs on peripheral nerve regeneration.
Potentially, stromal vascular fraction (SVF) might be a more clinically translatable route toward new methods to enhance peripheral nerve repair. SVF can effectively induce new vessel formation through the dynamic reassembly of blood endothelial cells and could thus be applied to achieve therapeutic neovascularization . Moreover, they are considered to be a fundamental requisite for nerve repair and it has the advantage of reduction in the interval from tissue collection until cell injection and simplicity of laboratory procedure, especially where a traumatic injury is dealt with Tremp et al., 2015) .
It has been shown that ASCs express various neurotrophic factors, including nerve growth factor, brain-derived neurotrophic factor, and glial-derived neurotrophic factor (Kalbermatten,
Muscle Weight Ratio (MWR) of the gastrocnemius muscle in the traumatized to the untraumatized leg 4 weeks post-trauma. The closure the value is to zero, and the worse the traumatized leg is doing. The closure the value is to 1, and the better the traumatized leg is doing. The MWR after 4 weeks is better in group 1 & 2 compared with group 3. There was no significant difference between the rASCs group and the control group Schaakxs, Kingham, & Wiberg, 2011) . However, full remyelination of regenerated axons may not occur due to simply insufficient stimulation by neuronal growth factors from SCs (Hughes, Kusner, & Kaminski, 2006) . Our group has shown that rASC can be differentiated into cells resembling SCs, which promote neurite outgrowth in vitro (Kingham et al., 2007) oxygen combined treatment showed the most beneficial effect ). Interestingly, it has been also proposed that the application of electrical stimulation immediately after crush nerve injury in rats may promote nerve regeneration and accelerate remyelination (Alrashdan et al., 2010; Teodori et al., 2011; Vivo et al., 2008) . Alternatively, a primary repair for crush injury of sensory and mixed nerves with biological tubulization (e.g., muscle-veincombined graft, fibrin conduit (Tos, Battiston, Ciclamini, Geuna, & Artiaco, 2012; Pettersson, Kalbermatten, McGrath, & Novikova, 2010) ). might restore the continuity of the nerve, avoiding secondary nerve grafting. Huang et al. (2016) suggested that the modulation of autophagy in PNI might be an effective pharmacological approach to promote nerve regeneration and reestablish motor function.
That being said, more studies are needed with a longer follow-up
including molecular analysis to demonstrate the potential therapeutic mechanism and to evaluate the optimal strategy with a multimodal approach for the treatment of peripheral acute and chronic nerve crush injury. In particular, the chronic nerve crush injury model has not been elucidated yet and needs further analyses.
To sum up, we successfully evaluated the regenerative effect of epineural injection of rASCs in three different settings of acute and chronic compression. Our results indicate that in the acute short and long peripheral nerve crush injuries, peripheral nerve repair is restored close to normal after 4 weeks. However, there were no significant differences in outcomes in the ASC-treated groups and control groups. 
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